The vibrational properties of yttrium orthovanadate (YVO 4 ) single crystals, with tetragonal zircon structure, have been investigated by means of polarized micro-Raman spectroscopy and ab initio calculations. Raman spectra were taken at different polarizations and orientations carefully set by the use of a micromanipulator, so that all of the twelve Raman-active modes, expected on the basis of the group theory, were selected in turn and definitively assigned in wave number and symmetry. In particular the E g (4) mode, assigned incorrectly in previous literature, has been observed at 387 cm −1 . Moreover, the very weak E g (1) mode, peaked at about 137 cm −1 , was clearly observed only under some excitation wavelengths, and its peculiar Raman excitation profile was measured within a wide region of the visible. Finally, ab initio calculations based on density-functional theory have been performed in order to determine both Raman and infrared vibrational modes and to corroborate the experimental results. The rather good agreement between computational and experimental frequencies is slightly better than in previous computational works and supports our experimental symmetry assignments.
I. INTRODUCTION
Yttrium orthovanadate (YVO 4 ) is one of the most important laser-host materials. In fact, when doped with rare earth (RE) ions, such as Nd 3+ , etc., it exhibits high optical absorption coefficient, large emission cross section, and long fluorescence lifetime.
1,2 RE-doped YVO 4 single crystals are employed in highly efficient diode-pumped solid-state lasers operating in the mid-IR. [3] [4] [5] [6] On the other hand, RE-doped YVO 4 powders provide a class of efficient nanocrystalline phosphors. [7] [8] [9] Due to its large birefringence and very wide transparency from the visible to the infrared spectral region, YVO 4 in crystal form is an excellent synthetic substitute for calcite (CaCO 3 ) and can provide crystalline polarizers for the mid-IR (as Wollaston, Rochon, and Glan prisms), besides being widely used for fiberoptic and medical applications. [10] [11] [12] [13] [14] Moreover, with respect to other birefringent crystals, YVO 4 has larger hardness, better water insolubility, and it is easier to fabricate large crystals of excellent optical quality at lower cost. [15] [16] [17] The first Raman and infrared study of the vibrational spectrum of crystalline yttrium orthovanadate (YVO 4 ) was done by Miller et al. , 18 who observed nine of the twelve predicted Raman-active modes and six of the seven predicted infrared-active modes. Beside the group theoretical analysis of the lattice dynamics of YVO 4 , symmetry assignments of all the observed Raman modes were attempted by Miller et al. , 18 in spite of the not pure polarization character of their experimental spectra. Soon after, Chaves and Porto 19 showed that the almost complete breakdown of group theoretical polarizability selection rules in YVO 4 , explained by Miller et al. 18 in terms of the sample misalignment, was really due to strong birefringence effects in this crystal. In fact, by minimizing the birefringence effects they were able to observe some of the Raman modes missed by Miller et al., 18 but, unfortunately, they failed to detect two E g phonons among the five predicted by the group theory. 20 In the following years a series of independent Raman studies were carried out on some rare-earth vanadates, isomorphs to YVO 4 , which were also unsuccessful in detecting two of the five expected E g modes, and sometimes even other modes were missing too, as reported by Santos et al. 21 and references therein. Some years ago, Bi and coworkers 22 measured the infrared reflectivity spectra on the (001) plane of YVO 4 single crystal, obtaining the frequency of all the expected IR-active modes with E u symmetry. More recently, through a Raman spectroscopic study of the structural disorder in some crystals with zircon or scheelite structure, Voron'ko et al. 23 reported all the predicted bands of YVO 4 Raman spectrum, by quoting even the two missing E g bands at 137 cm −1 [e.g., the E g (V) mode according to Ref. 20] and at 444 cm −1 [e.g., the E g (IV) mode of Ref. 20] , respectively, both characterized by an extremely low intensity. In fact, as far as the experimental spectrum displayed in Fig. 3(a) of Ref. 23 is concerned, the E g (V) mode of YVO 4 turns out clearly contrasted, in spite of its very low intensity, while no spectral evidence of the claimed E g (IV) mode, quoted at 444 cm −1 in the reported table of vibrational frequencies, is really provided.
Recently, pressure-dependent Raman measurements were made by Manjón et al., 24 but still nine Raman-active modes were observed instead of the twelve predicted by the group theory. 20 Likewise, in a very recent Raman report on LuVO 4 , Xu et al. 25 also quote nine Raman-active modes, and, in the aim to account for their deficient Raman observations, they speculate about the accidental degeneracy between of Raman modes with different symmetry.
The state of the art on YVO 4 , and on rare-earth vanadates with zircon structure, consists of a series of Raman reports where nine (or ten) of the twelve expected Raman modes were properly detected either in symmetry or in wave number, besides the Voron'ko et al. 23 paper which claims for the identification of the whole set of twelve Raman modes of YVO 4 , including the dubious one at 444 cm −1 . In the present work, we report on the results of a thorough vibrational dynamics study of YVO 4 single crystal, consisting of highly symmetry-selective polarized Raman scattering measurements and of ab initio calculations. In fact, by adopting an innovative microsampling approach, which exploits a homemade micromanipulator to hold the sample, and by properly combining different crystal orientations and polarization settings of both incident and scattered radiation, all the twelve Raman-active modes of YVO 4 have been selectively detected and the corresponding symmetries and frequencies definitely determined. Furthermore, ab initio calculations based on density functional theory within the generalized gradient approximation have been performed in order to determine both the Raman and infrared vibrational frequencies. Our calculated frequencies are in slightly better agreement with experimental frequencies than previous theoretical works and definitively support our experimental symmetry assignments.
II. EXPERIMENTAL DETAILS
Single crystals of YVO 4 were obtained by a "flux growth" technique using Pb 2 V 2 O 7 as solvent. Details about the crystal synthesis and structure are reported elsewhere. 26 The asgrown crystals usually have a barlike shape with the long dimension corresponding to the c direction and the large faces corresponding to the (100) and (010) planes. The typical dimensions of the sample ranged between some hundredths on microns and about 1 mm along the basal plane, while their length varied between 2 mm and about 5 mm. The volume of the sample used for the Raman measurements was approximately 0.5 × 0.8 × 2.5 mm 3 . Room-temperature polarized Raman spectra were carried out in the usual backscattering geometry from a high optical quality single microcrystal, by means of a microprobe setup provided by an Olympus microscope BX41 coupled to a triple-monochromator (Horiba-Jobin Yvon, model T64000), equipped with holographic gratings, having 1800 lines/mm, and set in double-subtractive/single configuration. The spectra were excited by the 514.5 nm line of a mixed Ar-Kr ion gas laser. At the occurrence, laser lines of different wavelength, namely the 454.5 nm, 472.7 nm, 488.0 nm, 496.5 nm, 530.9 nm, 568.2 nm, and 632.8 nm ones, were used in turn to excite the spectra. The laser beam was focused onto a spot of 5 μm in size through the lens of a 10× microscope objective with low numerical aperture (N.A. = 0.25) and the power on the sample surface was kept well below 10 mW.
Proper orientation of the single microcrystal was achieved using a homemade micromanipulator operated under direct optical inspection of a color camera interfaced to a microscope objective, the same used to focus the laser beam onto the sample. The core of the micromanipulator was a high angular-resolution goniometer which allowed for micrometric rotations of the crystal around its crystallographic c axis. The advantages provided by our innovative approach exploiting the micromanipulator to properly orient single-crystal sample with small size were elucidated and discussed in recent papers on anatase TiO 2 27 and on both xenotime YPO 4 and pretulite ScPO 4 . 28 According to the Damen's notation, 29 we have indicated the scattering configuration ask i (Ē i ,Ē s )k s , wherek i and k s are the propagation directions whileĒ i andĒ s are the polarization directions of the incident and scattered light, respectively. In order to have the same laser power at the sample surface, all spectra were excited without modifying the polarization direction of the incident laser radiation, and the actual polarization setting, either parallel or perpendicular, was defined by the scattered radiation analyzer, coupled to a scrambler placed at the spectrometer entrance.
The scattered radiation, filtered by the fore doublemonochromator, was detected at the spectrograph output by a charge coupled device (CCD) detector, with 1024×256 pixels, cooled by liquid nitrogen. Under excitation at 514.5 nm, the spectral resolution was better than 0.6 cm −1 /pixel, while an accurate wave number calibration of the spectrometer was achieved based on the emission lines of a Ne spectral lamp. Repeated micro-Raman measurements were run under the same experimental conditions by moving the laser spot over the exposed sample surface, and the spectra showed a very good reproducibility. No appreciable Raman scattering from possible impurities was observed. The recorded spectra were processed to remove artifact due to cosmic rays, while the luminescence background, consisting of a flat and structureless profile of very weak intensity underlying the overall Raman spectrum, was removed before the analysis of the spectra obtained under different excitation wavelengths. The Raman peaks, observed in the different scattering configurations, were fitted by Lorentzian line shapes, using a commercial fitting program.
III. POLARIZED RAMAN SPECTRA
Yttrium orthovanadate (YVO 4 ) possesses uniaxial crystalline structure and crystallizes in the zircon-type structure, with four formula units per unit cell, and belongs to space group D specific concern for rare-earth orthovanadate (RVO 4 ) compounds. 18, 20, 25, 30 The 12 atoms of the primitive cell gives rise at the center of the Brillouin zone to 36 phonon branches of which twelve modes (i.e., the 2A 1g , 4B 1g , B 2g , and 5E g ) are Raman active and seven modes (i.e., the 3A 2u and 4E u ) are IR active. Following Miller et al., 18 it is convenient, though in some way not fully correct, to divide both the Raman and IR active modes of orthovanadates into internal and external modes. Among the twelve Raman active modes, seven (i.e., 2A 1g + 2B 1g + 1B 2g + 2E g ) are labeled as internal modes, 20, 30 since, in the case of RVO 4 compounds, they originate from the crystal field splitting of the vibrational modes of oxygen atoms within the (VO 4 ) 3− tetrahedral groups, four (2B 1g + 2E g ) are referred as external modes due to translations of the (VO 4 ) 3− and R 3+ ions, and one (E g ) is the librational mode of whole (VO 4 ) 3− tetrahedra. The scattering tensors α, each one corresponding to a specific irreducible representation, can be written for all the Ramanactive vibrational modes, i.e., 19, 30 
These tensors are necessary to understand the polarized Raman spectra of YVO 4 ; in particular to study the angular dependence of the scattering intensities within the intrinsic coordinate system, based on the a,b,c crystal axes, hereafter indicated as x,y,z axes, respectively. To analyze a given tensor component α ij , the scattering experiment should be arranged so that the incident light is polarized along the i direction and only the scattered light along the j direction is detected. The direction of c axis (z direction) can be found optically or by means of x-ray diffraction. In the present case the high quality of the crystals allowed for an easy optical determination of that axis. In contrast, the optical approach did not allow for the determination of the a and b axes (the basal x-y plane), and, consequently, an improper orientation of the crystal sample complicated the interpretation of the polarized spectra, in particular of those obtained in backscattering geometry. In our case, once determined the c axis, the proper orientation of the single crystal in the basal x-y plane, was achieved by means of the micromanipulator operated under direct optical monitoring.
In a crystal with D
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4h space group such as YVO 4 , a mismatch of the light polarization direction in the x-y basal plane prevents the discrimination between spectra of pure symmetries A 1g , B 1g , and B 2g , generating ambiguity in the phonon symmetry assignment. In fact, to select the A 1g , B 1g , and B 2g modes an accurate control is required on the angle between the incident and scattered polarizations and the crystal axes a and b in order to minimize the spillover effects.
Conscious of this bottleneck, we have carried out accurate Raman measurements under different polarization settings and crystal orientations so that all the independent components of the Raman polarizability tensor were explored. All polarized spectra reported hereafter were carried out in backscattering geometry with the incident radiation polarized either perpendicular to the basal x-y plane of the YVO 4 crystal or parallel to it, these two configurations being obtained by properly orientating the single crystal under the microprobing head.
Micro-Raman spectra plotted in Figs. 2(a) and 2(b), were carried out on the crystal having its crystallographic c axis perfectly aligned along the direction of the electric field of incident radiation, the scattered radiation being analyzed in parallel [as sketched inside Fig. 2(a) ] or crossed [see sketch inside the Fig. 2(b) ] polarization, respectively. They show, in turn, the Raman tensor components α zz [ Fig. 2(a) ] and the α zx [ Fig. 2(b) ] components, related to A 1g and E g modes, [*here z,x indicate a set of two orthogonal directions: z is parallel to the crystallographic c axis while x belongs to basal (a-b) plane]. The above polarized Raman spectra correspond to the symmetries A 1g and E g , respectively, when the basal x-y crystal plane matches the scattering plane Y -Z in the laboratory frame (L system). In particular, Fig. 2(a) displays the A 1g spectrum associated with the Raman tensor component α zz [see Eq. (1)]. The polarizations of both the incident light and the analyzed scattered light are oriented along the crystal c axis, which corresponds to the laboratory X axis [see the sketch in Fig. 2(a) ]. In this spectrum are clearly observed two well-shaped peaks centered at 379 cm −1 and 891 cm −1 . The peak at about 379 cm −1 presents a small but noticeable asymmetry, in the form of long tail extending on the side of the higher wave numbers.
By keeping the same crystal orientation and changing the direction of the polarization analyzer, along the Y axis of Laboratory system, so that it became coplanar to the basal x-y plane of the crystal, the E g spectrum can be selected [see Fig. 2(b) ]. In fact, it is associated to the α zx and α zy tensor elements (or to a linear combination of them). On the basis of group theory considerations, five different modes of E g symmetry are expected to be observed. Now the spectrum plotted in Fig. 2(b) clearly shows three modes E g peaked at 163 cm −1 , 260 cm −1 , and 839 cm −1 , respectively, all of them being clearly contrasted, showing a noticeable intensity, although unlike. By the way, a finer inspection of the spectral region close to 400 cm −1 , reveals the presence of an additional, hardly appreciable peak of E g symmetry. Its intensity is so small that a proper magnification of the Raman signal recorded in this region was necessary in order to make it easily observable [see the inset of Fig. 2(b) ]. This one clearly shows the E g mode peaked at 387 cm −1 , together with a hardly appreciable tail on its low-frequency side due to the leakage of the A 1g mode at 379 cm −1 , there labeled by a star (*). This E g mode should correspond to the E g (IV) predicted by Elliott et al., 20 who were not able to observe it even at low temperatures. 20 Our finding, then, clearly contradicts the reported attribution of the faint spectral feature observed by Voron'ko et al. 23 at 444 cm −1 to the E g (IV) mode. However, in spite of the inconsistency of their claimed observation of the E g (IV) mode, these authors were able to identify the missing fifth E g (V) mode peaked at about 137 cm −1 in the Raman spectrum of YVO 4 excited at 488.0 nm. Stimulated by the Voron'ko et al. 23 observation, we decided to explore the low-frequency spectrum by using different excitation lines, in addition to the 514.5 nm so far used by us. The E g -symmetry micro-Raman spectra of YVO 4 Fig. 2(b) . Each spectrum is plotted in its relative intensity scale, after normalization to amplitude of the strongest E g mode peaked at 260 cm −1 . The spectra are serially displaced along the intensity axis in order to make easier the observation of the spectral evolution. The weak peak at about 137 cm −1 , observed only under excitation of blue and red lines, thus missing in the spectrum of Fig. 2(b) , is identified as the fifth E g mode predicted by the group theory.
excitation wavelengths in backscattering geometry are plotted in in Fig. 3 , after being normalized to the amplitude of the much stronger E g mode peaked at 260 cm −1 . This figure clearly confirms the presence of the further E g mode at about 137 cm −1 (i.e., the missing fifth E g mode) according to the group theoretical predictions. Moreover a peculiar dependence of the intensity on the excitation wavelength is observed. This mode is not observable, even keeping comparable experimental conditions for the power excitation, in the green-yellow region of the visible, while it can be observed under red excitation and even more efficiently for excitation in the blue-violet region. This behavior could explain the lack of observations generally resulting from the literature.
In conclusion, the E g -symmetry Raman spectrum of YVO 4 definitely consists of five different modes, in full agreement with the group theory predictions. They are peaked at about at 137 cm −1 , 163 cm −1 , 260 cm −1 , 387 cm −1 , and 839 cm −1 , respectively, and are numbered in Table I according to the increasing energy, this list having a different order from that proposed by Elliot et al. 20 Finally, regardless to their intensity, our α zx polarized Raman spectrum, as well as the α zz one, suggests that a nearly perfect alignment of the electric field vector of the incident light along the c axis of the inspected crystal was achieved during the measurements. In fact, no appreciable leakage of forbidden modes is displayed by α zz spectrum, while it is slightly more evident in α zx spectrum, but without any effect on the symmetry assignments above carried out.
We turn now to consider the polarized spectra carried out in backscattering geometry from the crystal oriented in such a way that its c axis resulted parallel to the propagation direction of the laser beam, so that the electric field of the incident radiation belongs to basal plane x-y of the YVO 4 crystal. In fact, when this particular configuration is matched, the electric field of the backscattered radiation also belongs to the basal plane x-y. In our case, once we determined the c axis, the proper orientation of the single crystal in the basal x-y plane was achieved by means of the micromanipulator operated under direct optical monitoring. This step was crucial in view of the selectively excited Raman modes associated to polarizability tensor components belonging to the basal plane x-y of the YVO 4 crystal, which, according to Eqs. (1)- (3), can have symmetry A 1g , B 1g , or B 2g . Moreover, in order to fully resolve and discriminate these modes, it is necessary to accurately control the polarization direction of both the incident and scattered radiation with respect to the crystallographic axis a (or b).
In this specific case a good correspondence between the light polarization direction and the true crystal axes was found by rotating step by step the crystal around its c axis, which was previously aligned along the propagation direction of incident and scattered light, labeled Z in the laboratory frame. In fact, the relations between the Raman tensor elements written in the laboratory frame and the ones of the crystal frame, with the Z axis corresponding to the crystal c axis, and X, Y generic orthogonal directions belonging to the a-b basal plane, can be expressed as function of the angle θ of rotation around the c axis (Z in laboratory frame), in the following way:
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where the assumption α xy = α yx was also made, derived from the symmetry of Raman tensor. As a consequence of Eqs. (5) and (6) the A 1g spectrum, observed in the adopted backscattering setting, is expected to maintain the same intensity, independently from the value of angle θ , when the XX (parallel) polarization combination is observed, while its intensity results always zero for XY (crossed) polarization, at any value of θ . On the contrary, either for parallel polarizations XX or for crossed polarizations XY , the intensities of B 1g and B 2g modes exhibit strong oscillations vs θ , in the opposite way, between a maximum and a near-zero value, when the rotation angle varies of 45
• . Thus, in order to rule out the occurrence of the A 1g modes in the observed spectra, it was mandatory to run the measurements in crossed polarization. The complementary behavior of Raman intensity for B 1g and B 2g modes in this particular setting can be understood if we As-recorded micro-Raman spectra of YVO 4 carried out in backscattering geometry (with Z =Z) under excitation at 514.5 nm, in crossed polarization for the two different crystal orientations sketched in the two panels (see, also, text for more details). The two panels show the spectra of symmetry B 2g (a) and B 1g (b), respectively. The B 1g mode peaked at 267 cm −1 turns out much easily observable after proper magnification, as evidenced in the inset of (b). Finally, the stars (*) label the spill of the forbidden modes. Note that the spilling intensity of the A 1g modes is independent of the crystal orientation.
consider the particular form of the tensor elements for the Raman active modes belonging to these two symmetries in the tetragonal orthovanadates with zircon-type structure. In fact, from Eqs. (2) and (3) we obtain, respectively
The experimental Raman spectra recorded in crossed (XY ) polarization in correspondence to two values of the rotation angle θ differing by 45
• , which alternatively display the B 2g spectrum or the B 1g one, are plotted in Figs. 4(a)  and 4(b) , respectively, where only a minor presence of the A 1g modes, due to spillover effects, can be observed, too. The B 2g spectrum, associated to the intrinsic α xy or α yx component of the Raman tensor, was observed in crossed (XY ) polarization for the value of θ = 0
• , for which the spectral intensity of the B 1g modes approached its minimum value. In agreement with the group theory predictions, in this spectrum only the B 2g mode can be observed, and it appears as a very sharp, symmetric peak centered at about 260 cm −1 [see Fig. 4(a) ].
Alternatively, in the aim to isolate the B 1g spectrum, the measurement was carried out in the backscattering geometry in crossed (XY ) polarization for the value of θ giving rise to the maximum intensity quenching of the B 2g mode (i.e., θ = 45
• ). The experimental spectrum measured in this scattering conditions is plotted in Fig. 4(b) : four distinct Raman modes of B 1g symmetry are clearly observed at 157 cm −1 , 267 cm −1 , 490 cm −1 , and 816 cm −1 , respectively. All these modes are clearly visible in the as-recorded spectrum, despite of their remarkably different relative intensities as well as of the presence of spilling modes of forbidden symmetry. In fact, due to the extremely low intensity of one of them (i.e., the one peaked at about 267 cm −1 ) it was mandatory to properly magnify the spectral intensity in the region of the peak occurrence in order to observe it [see inset of Fig. 4(b) ].
IV. AB INITIO CALCULATIONS
The Raman and infrared vibrational frequencies of YVO 4 crystal have been also computed by using ab initio calculations based on a density functional theory in the generalized gradient approximation. In this computational study the CRYSTAL06 program 31 was adopted. It is a periodic ab initio program, which uses a Gaussian-type basis set to represent the crystalline orbitals. Further details on basis sets and computational parameters, as well as input and output files, can be found at the CRYSTAL website. 32 In this specific case all-electron basis sets have been used with 86-411d4G contractions (one s, four sp, and one d shell) for vanadium atoms, 33 8-411(one s and three sp shells) for oxygen atoms, 34, 35 9766-31d31 (one s, two sp, one d, two sp, and two d shells) for yttrium. 36 Pure density-functional theory calculations have been made by using Perdew-Becke-Ernzerhof exchange and correlation functional. 37 Exchange-correlation functionals of other kinds have been also tested, but the results were worse. The accuracy level in evaluating Coulomb and exchange series is controlled by five parameters, for which standard values have been used (6 6 6 6 12). To ensure a good convergence, self-consistent field convergence thresholds of 10 −7 Hartree have been adopted for both eigenvalues and total energies. A Monkhorst-Pack shrinking factor 38, 39 equal to 8 is used to compute the integration on the Brillouin zone. Vibrational frequencies have been calculated within the harmonic approximation. The frequencies have been obtained, at the point, by diagonalizing the mass-weighted Hessian matrix, whose (i,j ) element is defined as W ij = H ij / M i M j , M i and M j being the masses of the atoms associated with i and j coordinates, respectively. A more complete description of the method and other details on computational aspects can be found in Refs. 40 and 41.
In YVO 4 crystal, the geometry optimization gives the cell parameters a = b = 7.1973Å, c = 6.4214Å and a/c = 1.121, which differ from the experimental values 42, 43 by about 1.1, 2.1, and 1.0%, respectively. These values for the cell parameters have been used in the frequencies calculation reported below. Table I displays the calculated frequencies of the optical modes (Raman and infrared) of YVO 4 compared with the available experimental data, including the new Raman measurements performed in the present work.
The calculated frequencies (ν cal ) have been compared with the experimental frequencies (ν exp ) through i) the average of the absolute difference ii) the average of the absolute relative difference (in percentage), respectively defined in the following
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where the index i = 1, . . . ,N runs over the 19 optical modes listed in Table I . We have considered as experimental frequencies ν exp i the average of the available experimental data [i.e., the average of columns (a), (b), (c), (d), and (e) of Table I] for the Raman modes (without considering the E g (4) mode of column (b), columns (e), and column (g) for the infrared modes. The two indices are reported at the end of Table I . For comparison, also the indices related to the frequencies calculated by Vali, Manjón, and coworkers are reported. 24, 44 The comparison between theory and experiment has been made (i) for all the 19 optical modes; (ii) for the Raman modes only, in order to have a comparison with the computational works performed by Manjón et al., 24 who calculated only the frequencies of the Raman modes. The two indices show a very good agreement between our calculations and experimental data, overall slightly better than that achieved previously. Moreover, the present computational results corroborate our symmetry assignment of the E g (1) and E g (4) Raman modes.
V. DISCUSSION
The above-reported results of polarized Raman scattering experiments carried out from an oriented YVO 4 crystal and of ab initio calculations of the vibrational frequencies of this crystal give a detailed and definitive description of the vibrational dynamics of this compound.
In fact, a thorough description of the vibrational dynamics of the prototype compound of orthovanadate family with zircon-type structure is provided in our present work, by showing reliable experimental evidences of some Raman modes, which were either not reported in the existing literature [18] [19] [20] [21] or wrongly assigned in wave number. 23 In particular, the difficult detection of the systematically missing E g (4) mode, which is characterized by an extremely weak intensity, fully confirms the correctness of the hypothesis formulated by Elliott et al. 20 On the other hand, what is also more important, by comparison with the compounds of the orthophosphate family 28, 45, 46 and rare-earth arsenates 47 with the same zircon-type structure, we can infer that, as far as the other compounds of this orthovanadate family are considered, the frequency of this E g mode should be nearly independent of the rare-earth ion mass, and, therefore, that it should occurs close nearby at the same frequency as it is observed in YVO 4 . Moreover, the highly symmetry-selective measurements of this study point out the added value of our experimental approach based on the use of a micromanipulator to properly orientate the sample. Our experimental results are in agreement, for most of the issues, with the existing literature.
However, some particular achievements deserve supplementary comments and a more detailed comparison with previous findings, in some cases partial or contradictory. The complete and unambiguous detection of all the predicted five E g modes, can be considered one of the most important achievements in the present work. In fact, the group theoretical predictions of five E g modes can be fully satisfied if an adequate integration time of measurement is adopted, so that it allows for a clear detection of the 387 cm −1 and the 137 cm −1 modes, much weaker than the other modes of the same symmetry. The weakness of these two E g modes [i.e., the E g (IV) and the E g (V)] according to Elliott et al., 20 cannot be explained on the basis of experimental considerations, but it might be surely invoked to justify the fact that neither of these modes was observed in the pioneering Raman investigations by Miller et al. 18 and by Chaves and Porto 19 on YVO 4 single crystals, nor in a more recent study on rare-earth orthovanadates by Santos et al. 21 and references therein. Furthermore, the E g (V) mode becomes practically undetectable even in these measurement conditions if the wrong excitation wavelength is chosen. The extensive investigation on the spectral shape dependence on excitation wavelength, reported in Fig. 3 , allows us to definitely explain the apparent contradictions between the results of different works on the subject. As well evident from Fig. 3 , the yellow-green region of the spectrum, much exploited in Raman measurements, corresponds to a substantial quenching of the 137 cm −1 mode intensity, which inhibits the discrimination of this mode from the tail of the much stronger 163 cm −1 one. An even stronger evidence of the E g (V) mode antiresonant behavior is provided by the plot of its properly normalized intensity vs excitation energy, which is shown in Fig. 5 . The intensity of the 137 cm −1 mode, calculated after deconvolution from the stronger 163 cm −1 mode, was normalized to the intensity of this last one, but the resulting behavior of the Raman excitation profile was practically the same after normalization to that of the 260 cm −1 E g mode. Several theoretical models 48 can be used to explain such antiresonance behavior, all of them deriving from coupling between vibrational mode and electronic transitions of the system. Unfortunately the small size of our crystal did not allow us to carry out any reliable optical absorption spectrum on it, and therefore to proceed with the optical detection of the possible electronic transition involved in the phenomenon. However, it can be of some interest to point out a difference in the asymmetric line shape of the E g (V) mode for excitation energies above and below the intensity quenching region (see Fig. 3 ): for red excitation (632.8 nm) the long tail of the mode is on the lower-frequency side, and the sharp drop on the high-frequency side, while for excitation by blue lines, when the mode is well detected, the reverse situation occurs. This fact could suggest to address toward a Fano formalism 49, 50 for a more exhaustive theoretical explanation of the observed phenomenology.
VI. CONCLUSION
In this work, the vibrational properties of yttrium orthovanadate (YVO 4 ) have been investigated by means of both polarized Raman spectroscopy and ab initio calculations. Symmetry-selective measurements have been carried out using a micromanipulator to finely orient the crystal. Through a proper polarization analysis, all the 12 Raman-active modes of YVO 4 have been contrasted in turn and definitively assigned in symmetry. In particular, the E g (1) and E g (4) vibrational modes, corresponding to E g (V) and E g (IV) modes quoted by Elliott et al., 20 have been detected at 137 cm −1 and 387 cm −1 , respectively, and a peculiar antiresonant dependence on excitation wavelength has been measured for the lowest-frequency one. Finally, ab initio calculations based on density-functional theory have been performed to calculate the Raman and infrared vibrational modes. The agreement between computational and experimental frequencies is very good, better than the one achieved in previous computational works.
